Receptor kinases of the Catharanthus roseus RLK1-like (CrRLK1L) family have emerged as important regulators of plant reproduction, growth and responses to the environment 1 . Endogenous RAPID ALKALINIZATION FACTOR (RALF) peptides 2 have previously been proposed as ligands for several members of the CrRLK1L family 1 . However, the mechanistic basis of this perception is unknown. Here we report that RALF23 induces a complex between the CrRLK1L FERONIA (FER) and LORELEI (LRE)-LIKE GLYCOSYLPHOSPHATIDYLINOSITOL (GPI)-ANCHORED PROTEIN 1 (LLG1) to regulate immune signalling. Structural and biochemical data indicate that LLG1 (which is genetically important for RALF23 responses) and the related LLG2 directly bind RALF23 to nucleate the assembly of RALF23-LLG1-FER and RALF23-LLG2-FER heterocomplexes, respectively. A conserved N-terminal region of RALF23 is sufficient for the biochemical recognition of RALF23 by LLG1, LLG2 or LLG3, and binding assays suggest that other RALF peptides that share this conserved N-terminal region may be perceived by LLG proteins in a similar manner. Structural data also show that RALF23 recognition is governed by the conformationally flexible C-terminal sides of LLG1, LLG2 and LLG3. Our work reveals a mechanism of peptide perception in plants by GPI-anchored proteins that act together with a phylogenetically unrelated receptor kinase. This provides a molecular framework for understanding how diverse RALF peptides may regulate multiple processes, through perception by distinct heterocomplexes of CrRLK1L receptor kinases and GPI-anchored proteins of the LRE and LLG family.
1
. FER is the best-studied CrRLK1L and regulates many aspects of plant life, including growth and immunity [3] [4] [5] [6] [7] . Plant RALF peptides have recently been proposed as CrRLK1L ligands 1 . For example, RALF1 and RALF23 bind to FER to regulate root growth and immunity, respectively 4, 5 , and RALF4 and RALF19 bind to the CrRLK1L proteins ANXUR (ANX)1, ANX2, BUDDHA'S PAPER SEAL (BUPS)1 and BUPS2 to control the growth and integrity of pollen tubes 8 . However, the molecular basis of RALF perception is unknown. The GPI-anchored protein LRE, and its homologue LLG1, are important components of FER-mediated signalling [9] [10] [11] . In Arabidopsis, LRE and its three homologues (LLG1, LLG2 and LLG3) have differential expression patterns 11 . Similar to FER, LLG1 is strongly expressed in vegetative tissues, whereas LLG2 and LLG3 are predominantly expressed in reproductive tissues (Extended Data Fig. 1a ). Both FER and LLG1 regulate immune signalling triggered by the bacterial pathogen-associated molecular patterns, flg22 and elf18 (refs 5,12 ) (Fig. 1a, Extended Data Fig. 1b ). Similar to FER 5 , LLG1 regulated flg22-induced interactions between FLAGELLIN-SENSING 2 (FLS2) and BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) (Extended Data Fig. 1c ), in contrast to previous reports in which FLS2 was overexpressed 12 .
As previously shown for fer-2 (ref. 5 ), llg1-2 mutant plants were also impaired in RALF23-induced inhibitions of elf18-induced production of reactive oxygen species (ROS) (Fig. 1b) , as well as RALF23-induced inhibitions of seedling growth (Fig. 1c) . LLG1 is thus an important component of FER-dependent RALF23 perception in Arabidopsis.
Analytical ultra-centrifugation (AUC) and isothermal titration calorimetry (ITC) assays detected no interaction between FER ECD and LLG1 (left panels of Fig. 1d , e). Further ITC experiments showed that RALF23 interacted with FER ECD with a dissociation constant (K d ) of about 1.52 μM (Fig. 1e, middle) , which is consistent with previously reported binding affinities 5 . The assays demonstrated a direct interaction between RALF23 and LLG1 (K d of about 4.95 μM) (Fig. 1e , right), LLG2 or LLG3 (Extended Data Fig. 2a, b) . Furthermore, AUC assays showed that the addition of RALF23 to FER ECD and LLG1 results in the formation of a protein complex with a molecular weight of about 80 kDa (Fig. 1d, right) , which is equivalent to monomeric RALF23-LLG1-FER ECD . Similarly, RALF23 also induced a complex between FER ECD and LLG2 or LLG3 (Extended Data Fig. 2c, d ). Co-immunoprecipitation experiments further confirmed that treatment with exogenous RALF23 induced a LLG1-FER complex in Arabidopsis ( Table 1 , Extended Data Fig. 3a-c) . Unfortunately, we were unable to solve a crystal structure of RALF23-LLG1-FER ECD . The electron density of FER and LLG2 (Extended Data Fig. 3d , e) suggests that both proteins were glycosylated at sites outside the proteinprotein interaction interfaces (Extended Data Fig. 3f ).The structure of FER ECD resembles those of ANX1 ECD , ANX2 ECD (refs 13, 14 ) (Extended Data Fig. 4a ) and Xenopus laevis malectin protein 15 (Extended Data  Fig. 4b) ; however, FER ECD lacks the saccharide-binding residues of malectin (Extended Data Fig. 4b, c) , as do ANX1 ECD and ANX2 ECD (refs 13,14 ) . Crystal structural comparison showed that no marked conformational changes occur to FER ECD during its interaction with RALF23 and LLG2 (Extended Data Fig. 4d ). The structure of LLG2 is mainly helical, and the N-terminal side of RALF23 forms an α-helix that interacts with both LLG2 and FER ECD (Fig. 2a) . The C-terminal side of RALF23 is absent in the complex structure, perhaps owing to its flexibility in crystals.
In the RALF23-LLG2-FER ECD structure, the N-terminal helix of RALF23 binds to a large surface groove on LLG2 (Extended Data Fig. 4e, f) . The conserved YISY motif, which is essential for Letter reSeArCH RALF1-induced alkalinization 16 , forms extensive interactions with LLG2 via a combination of hydrophobic and polar contacts (Fig. 2b) . and LLG1, LLG2 or LLG3, albeit with a lower activity than full-length RALF23 (Extended Data Fig. 6c, d ). Although the folding efficiencies of the proteins might contribute to the differences in affinity, these results suggest a role for the RALF23 C terminus (residues 18-50; RALF23 C ) in the RALF23-induced complexes between FER and the LLG protein. Our microscale thermophoresis assays showed that RALF23 C (but not RALF23 N ) interacted with FER ECD with a K d of about 1.01 μM, as compared to about 0.31 μM for full-length RALF23 (Fig. 2d) . This is consistent with a recent study that suggests that the C terminus of RALF1 . One-way analysis of variance (ANOVA) (P < 0.0001). b, Mean values of total ROS production over 40 min, after elicitation of the indicated genotypes with 100 nM elf18 (2 mM MES-KOH pH 5.8) or co-treatment with 1 μM RALF23 (n = 16 ± s.d.). One-way ANOVA (P < 0.0001). c, Five-day-old seedlings were treated with 1 μM RALF23 for 7 days. The mean of relative fresh weight compared to medium control is shown (n = 16 ± s.d. Data Fig. 7a ).
The N-terminal 14 residues (residues 4-17) of RALF23 are conserved in related RALF peptides (which we here term subfamily 1) (Extended Data Fig. 7b ), which suggests that these latter may also interact with LLG proteins. The N-terminal fragments of the subfamily-1 members RALF1, RALF14, RALF19, RALF24, RALF27, RALF31 and RALF34 all displayed affinities with LLG2 when assayed by ITC, but RALF11, RALF12, RALF13 and RALF21-which are members of what we here term subfamily 2-did not ( Table 2 , Extended Data Fig. 7c-f) . Furthermore, our AUC results showed that some members of subfamily 1 (including RALF1) induced LLG1 interaction with FER ECD in vitro (Extended Data Fig. 8a ). Collectively, our in vitro data suggest that LLG proteins can each bind multiple RALF peptides. However, the fact that fer and llg1 mutants phenocopied each other 11 ( Fig. 1a-c , Extended Data Fig. 1b, c) suggests that LLG1 has a dominant role in the leaf and seedling tissues that were assayed in our study, which is consistent with the higher gene expression of LLG1 in these tissues (Extended Data Fig. 1a) .
Twelve out of thirteen RALF23-interacting residues of LLG2 are conserved in LLG1, LLG3 and LRE (blue dots in Extended Data Fig. 8b ). However, LRE displayed no RALF23-binding affinity (Fig. 3a) and RALF23 did not induce an LRE-FER ECD complex (Extended Data  Fig. 8c ). In apo-LLG1, residues 129-138 (shown in grey in Fig. 3b, left) bind to the pocket that is equivalent to the RALF23-binding groove of LLG2 (Fig. 3b, right) , which suggests that conformational changes occur in this region of LLG1 for binding to RALF23. Consistently, residues 126-134 of RALF23-bound LLG2 are flexible (shown in grey in Fig. 3b, right) , whereas the KEGKEGLD fragment flips about 90° compared to that of apo-LLG1 (framed in blue in Fig. 3c, left) . Moreover, Leu127 and Glu128 of apo-LLG1 clash with RALF23 when apo-LLG1 is aligned with LLG2 in RALF23-LLG2-FER ECD (Fig. 3c, right) . The KEGKEGLD fragment is conserved among LLG1, LLG2, LLG3 and LRE, except for an arginine substitution of the first glycine in LRE (black dot, Extended Data Fig. 8b ) and-in LLG1-a glutamic acid substitution for the final aspartic acid. The arginine substitution of the first glycine in LRE can decrease the conformational flexibility of KEGKEGLE/D, which is provided by the two glycine residues in LLG1, LLG2 and LLG3, for the interaction with RALF23. Mutation of the first glycine residue (Gly123) to arginine in LLG1 compromised interaction with RALF23 (Fig. 3a) . Conversely, substitution of arginine to glycine at the same position enabled LRE to bind RALF23, albeit with reduced affinity compared to that of LLG1 (Fig. 3a) .
The recently reported llg1-3 mutant carries a G114R substitution 12 . The corresponding residue in LLG2, Gly109, establishes hydrophobic packing against Ile16 of RALF23 (Fig. 2b) . Mutation of this residue to the bulky arginine residue in LLG1 substantially reduced LLG1 interaction with RALF23 in vitro ( Table 3 , Extended Data Fig. 9a) . Importantly, the llg1-3 mutant was impaired in RALF23-triggered inhibition of seedling growth (Fig. 4a) , which provides in vivo confirmation of our structural data.
In support of our structural observations, the RALF23 N tagged with glutathione S-transferase (GST-RALF23 N ) interacted with LLG1, LLG2 and LLG3 (Fig. 4b ) in pull-down assays. By contrast, mutations of critical residues of RALF23, LLG2 at the RALF23-LLG2 interface (Fig. 2b) or the equivalent residues of LLG1 at the RALF23-LLG1 interface resulted in no detectable interaction between RALF23 and LLG2 or LLG1, respectively (Fig. 4c, Extended Data Fig. 9b) Fig. 9c-e) . In further support of our structural observations, RALF23-induced inhibitions of elf18-induced ROS production and seedling growth (Fig. 1b, c) were impaired by mutations of residues (RALF23(I6A), RALF23(I6Y), RALF23(L11Y) and RALF23(N14A)) that are critical for interaction with LLG1 (Fig. 4d, e) . Furthermore, when expressed in the fer-4 background, both FER(G257A) and FER(N303Y) were hyposensitive to RALF23-induced inhibition of seedling growth, as compared to wild-type FER (Fig. 4f) , despite their comparable levels of expression (Extended Data Fig. 9f ). Finally, upon transient expression in Nicotiana benthamiana, RALF23 induced interactions between LLG1 and FER, but not between LLG1(N91A), LLG1(T99R), LLG1(A117Y) and LLG1(N118Y) and FER (Extended Data Fig. 9g ), which provides Letter reSeArCH
additional support for conclusions that we extrapolated from the LLG2-containing structure.
Here we show that direct RALF23 recognition by LLG1 results in the nucleation of a ternary complex with FER, which reveals a type of heteromeric receptor complex for the perception of plant peptides.
The N-terminal YISY motif that is required for RALF23-induced LLG1-FER heterodimerization, immunity and growth inhibition is conserved in a subfamily of RALF peptides. Our biochemical data suggest the existence of multiple complexes that involve a RALF peptide, an LLG protein and FER ECD . Although the biological functions for most of these complexes remain largely unknown, the recognition of multiple (potentially cell and/or tissue-specific) YISY-containing RALF peptides by FER via distinct LLG proteins is consistent with the multitasking role of FER 1 . FER-LLG1 interaction induced by exogenous RALF23 peptide in Arabidopsis (Fig. 1f) suggests a plasmamembrane localization of the complex for signalling. Additional signalling components such as receptor kinases might also be recruited to the complex, as illustrated for ANX1, ANX2, BUPS1 and BUPS2 (ref. 8 ), possibly via the C terminus of the relevant RALF peptides-similar to what has been observed with flg22 (refs 18,19 ). Although this hypothesis remains to be tested, recent data suggest that the perception of RALF peptides as well as CrRLK1L-controlled processes also involve cell-wall-localized, leucine-rich-repeat extensin proteins 6, [20] [21] [22] , which raises the possibility that these latter proteins participate in a supramolecular complex that is required for RALF signalling 23 .
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Fig N . For c, see Supplementary Fig. 2 for gel source data. d, ROS burst measured after elicitation of Col-0 leaf discs with 100 nM elf18 or co-treatment with 500 nM RALF23 or variants. Values are means of total photon counts relative to elf18 of four independent experiments. n = 159 (no RALF23), 48 (RALF23 wild type), 24 (RALF23(I6A), RALF23(I6Y), RALF23(L11Y) and RALF23(N14A)) ± s.d. e, Col-0 seedlings were treated with 500 nM RALF23 or variants for 7 days. The mean of relative fresh weight compared to the medium control of four independent experiments is shown. n = 90 (MS), 30(RALF23 wild type), 16 (RALF23(I6A)), 28 (RALF23(L11Y)), 30 (RALF23(N14A)) ± s.d. d-f, One-way ANOVA (P < 0.0001). f, Fiveday-old seedlings were treated with 500 nM RALF23 for 7 days. The mean of relative fresh weight compared to the medium control of three independent experiments (n = 24) ± s.d. is shown. One-way ANOVA (P < 0.0001). Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
METhoDS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Synthetic peptides and elicitors. The flg22, elf18, RALF23, RALF23 variants and other RALF peptides (Extended Data Fig. 7c ) were synthesized by EZBiolab or SciLight with purity of >90%. All the peptides were dissolved in sterile pure water for use. Protein expression and purification. The extracellular domains of FER (residues 27-447), ANX1 (residues 27-430), ANX2 (residues 28-431), LLG1 (residues 24-152), LLG2 (residues 24-146), LLG3 (residues 24-149) and LRE (residues 21-149), synthesized by GENEWIZ, were cloned into modified pFastBac vectors, containing an N-terminal hemolin signal peptide and a C-terminal 6×His-tag or a cleavable N-terminal 6×His-SUMO tag using a ligase kit (Sosoo Mix, TsingKe). All the proteins were expressed using the Bac-to-Bac baculovirus expression system (Invitrogen) protocols in High Five cells at 22 °C. One litre of cells (2.0 × 10 6 cells/ml) was infected with 30 ml recombinant baculovirus. The supernatant was collected via centrifugation, 60 h post-infection. The supernatant was flowed through Ni-NTA (Novagen). Bound proteins were eluted in a buffer containing 25 mM Tris pH8.0, 150 mM NaCl, 250 mM imidazole and further purified by sizeexclusion chromatography (Hiload 16/60 Superdex 200 prep grade, GE Healthcare) in a buffer containing 10 mM Bis-Tris pH 6.0, 100 mM NaCl. All the RALF peptides were diluted to a final concentration of 1 mM in a buffer containing 10 mM Bis-Tris pH 6.0, 100 mM NaCl. were determined by molecular replacement with PHASER 26 using the structure of ANX2 ECD as the initial searching model. The crystal structure of RALF23-LLG2-FER ECD was determined by molecular replacement using the structure of FER ECD . The crystal structure of LLG1 was determined by molecular replacement using the coordinates of LLG2 from the structure of RALF23-LLG2-FER ECD . All the models were built with the program COOT 27 and subsequently subjected to refinement by the program Phenix 28 with excellent stereochemistry (Extended Data Table 1 ). Structural figures were prepared using the program PyMOL. ITC. Binding affinities were measured using ITC200 (Microcal LLC) at 25 °C in a buffer containing 10 mM Bis-Tris, pH6.0 and 100 mM NaCl. Ligands (approximately 0.5 mM) were injected (20 × 2.0 μl) at 150-s intervals into the stirred (750 rpm) calorimeter cell (volume 250 μl) containing 0.05 mM receptors. Measurements of the binding affinity of all the titration data were analysed using the ORIGIN 7 software (MicroCal Software). SV-AUC. Sedimentation velocity was measured for FER ECD and LLG1/2/3 in the presence or absence of chemically synthesized RALF peptides with an XL-I analytical ultracentrifuge (Beckman Coulter) equipped with an eight-cell An-50 Ti rotor at 20 °C. The molar ratio in the mixture solution of FER ECD :LLG1, LLG2 or LLG3:RALF peptide and the total optical densities at 280 nm were approximately 1:2:3, and 0.8, respectively. Buffer (10 mM Bis-Tris pH 6.0, 100 mM NaCl) was used as the reference solution. All samples were applied at a speed of 50,000 rpm. Absorbance scans were taken at 280 nm at the intervals of 0.003-cm size in a radical direction. The different sedimentation coefficients, c(s), and molecular weight were calculated by SEDFIT V14.4f software. Surface plasmon resonance. The surface plasmon resonance experiment was performed using a BIACORE T200 instrument (GE Healthcare) on a CM5 sensor chip captured with anti-histidine antibodies (His Capture Kit, GE Healthcare) through standard amine-coupling chemistry. C-terminally histidine-tagged LLG2 at a concentration of 50 μg/ml was immobilized at a density of 700 RU (resonance unit) on flow cell 2, and flow cell 1 was left blank to serve as a reference surface for the following experiments. The analyte RALF23 N was injected over the two flow cells. The sensorgram represents the binding of the peptide in the analyte concentration range (50-800 nM), in which dissociation was initiated by the washing buffer. All experiments were performed in 1×PBS pH 7.5, 0.05% Tween-20, 0.1% BSA at temperature of 25 °C. The obtained data were analysed and fitted using the Biocore T200 Evaluation Software and simple one-to-one interaction model. Pull-down assays. Purified GST-RALF23 N proteins or GST-RALF23 N mutants were mixed with excess wild-type or mutant LLG2, and incubated with 100 μl GST resin (GE Healthcare, GS4B) on ice for 30 min after sufficient agitation. The resin was washed with 1.0 ml buffer containing 25 mM Tris pH 8.0, 150 mM NaCl, 15 mM imidazole 3 times, and bound proteins were eluted from resin by addition of 50 μl SDS loading buffer at 100 °C for 5 min. Proteins were separated by SDS-PAGE and detected by Coomassie blue staining. Microscale thermophoresis assays. FER ECD was labelled with a fluorescent dye using a labelling kit (MO-L001 Monolith Protein Labelling Kit RED-NHS (Amine Reactive). Fluorescently labelled FER ECD (0.052 μM) was mixed with varying peptide concentrations (ranging from 0.009 to 30 μM) in buffer containing 50 mM NaH 2 PO 4 /Na 2 HPO 4 pH 7.5, 200 mM NaCl, 5% glycerol and 0.001% Tween. Approximately 4-6 μl of each sample was loaded in a fused silica capillary (NanoTemper Technologies). Measurements were performed at room temperature in a Monolith NT.115 instrument at a constant LED power of 30% and varying microscale thermophoresis power of 20%, 40% and 60%. Measurements were performed repeatedly on independent protein preparations to ensure reproducibility. The data were analysed by plotting peptide concentrations against ligand-induced fluorescence changes (change in raw fluorescence on y axis). Curve fitting was performed by using the Prism 7 (GraphPad Software) and the given K d values were calculated with 95% confidence level. Plant material and growth conditions. Arabidopsis ecotype Columbia (Col-0) was used as a wild-type control for all plant assays. Plants for ROS burst assays were grown in individual pots at 20-21 °C with an 8-h photoperiod in environmentally controlled growth rooms. Seeds for seedling-based assays were surface-sterilized using chlorine gas for 6 h and grown on Murashige and Skoog (MS) medium supplemented with vitamins, 1% sucrose and 0.8% agar at 22 °C and a 16-h photoperiod. The fer-2 mutant 29 was kindly provided by N. Keinath. The fer-4, llg1-1, llg1-2 were provided by A. Cheung and the llg1-3 mutants were provided by D. Tang have recently been published 11, 12, 30 . ROS burst measurement. Eight leaf discs (4 mm in diameter) per individual genotype were collected in 96-well plates containing sterile water. After collection, leaf discs were recovered over night before elicitor treatment. The next day, the water was replaced by a solution containing 17 μg/ml luminol (Sigma Aldrich), 20 μg/ml horseradish peroxidase (HRP, Sigma Aldrich) and the pathogen-associated molecular pattern in the appropriate concentration. Luminescence was measured for the indicated time period using a charge-coupled device camera (Photek).
The effect of RALF23 on elf18-triggered ROS production was performed as previously described 5 . RALF-induced inhibition of seedling growth. Seeds were surface-sterilized and grown on MS agar plates for 5 days before transferring individual seedlings in each well of a 48-well plate, containing MS medium with 500 nM or 1 μM RALF23 or RALF23-mutant variant. Seedling growth was measured seven days after transfer. Co-immunoprecipitation and western blots. FLS2-BAK1 complex-formation experiments were performed as previously described 5 . To test the in vivo interaction between LLG1 and FER, 15-20 seedlings of llg1-3 35S::YFP-LLG1 plants 12 were grown in 6-well plates for 2 weeks, transferred to 2 mM MES-KOH, pH 5.8 and treated with 1 μM RALF23 for 10 min. Seedlings were then frozen in liquid nitrogen. Proteins were extracted in 20 mM MES-KOH pH 6.3, 50 mM NaCl, 10% glycerol, 5 mM dithiothreitol, 1% protease inhibitor cocktail (Sigma Aldrich), 2 mM Na 2 MoO 4 , 2.5 mM NaF, 1.5 mM activated Na 3 VO 4 , 1 mM phenylmethanesulfonyl fluoride and 1% IGEPAL. For immunoprecipitations, GFP-Trap agarose beads (ChromoTek) were used and incubated with the crude extract for 2-3 h at 4 °C. Beads were then washed 3 times with 20 mM MES-KOH pH 6.3, 50 mM NaCl, 1 mM phenylmethanesulfonyl fluoride, 0.1% IGEPAL before adding Laemmli sample buffer and incubating for 10 min at 95 °C. Eluted proteins were analysed by western blot using anti-FER and anti-GFP (B-2 HRP, sc-9996, Santa Cruz, used at 1:5,000). The anti-FER antibody was raised against two synthetic peptides that correspond to the ectodomain of FER (CEDSKTSPALTQDPSV and CPSADTGLYRSWYDDQ) (Eurogentec), and was detected using anti-rabbit IgG-HRP secondary (A0545, Sigma, used at 1:5,000). Specificity of anti-FER was validated using fer-4 knockout plants (Extended Data Fig. 2e ).
For assays using transient heterologous expression, leaves of 4.5-week-old N. benthamiana plants were co-infiltrated with Agrobacterium tumefaciens carrying 35S::FER-GFP and 35S::signal peptide (SP)-mRFP-LLG1 (wild type or point mutant) constructs. In all cases constructs were also co-infiltrated with a P19 silencing suppressor construct. Leaves were collected 2 days post-infiltration and equilibrated in 2 mM MES-KOH pH 5.8 (via vacuum infiltration) for 2-3 h. Leaves were then treated with mock or 5 μM RALF23 peptide for 10 min before freezing in liquid nitrogen. Protein extraction, immunoprecipitation and western blotting were performed as above. SP-mRFP-LLG1 proteins were detected with anti-RFP (ab34767, Abcam, used 1:5,000). Generation of FER and LLG1 structure-guided point mutants. FER wild-type sequence was amplified from Arabidopsis seedling cDNA using primers CACCATGAAGATCACAGAGGGACGAT TC and ACGTCCCTTTGGATTCATGATCTGAG before cloning into pENTR (Invitrogen) using the D-TOPO kit (Invitrogen). Structure-guided point mutants FER(G257A) and FER(N303Y) were introduced by site-directed mutagenesis PCR using the following primers: G257A forward: CAGCCTTA TATATTTGCTGCAGGACTTGGTATTCC; G257A reverse: GGAATACCAAGT CCTGCAGCAAATATATAAGGCTG; N303Y forward: GCTCAGATCAATC TCTACTACAATCTTACTTGG; and N303Y reverse: CCAAGTAAGATT GTAGTAGAGATTGATCTGAGC To drive expression of FER-GFP under the native FER promoter (pFER), 2,004 bp upstream of the FER start codon were amplified from seedling cDNA using primers GGCCAGTGCCAAGCTTCGAGTTGTAAAAGGCCTGG and GCAGGCATGCAAGCTTCGATCAAGAGCACTTCTCC for subsequent cloning into Gateway destination vector pGWB404 (ref.
31
) using Infusion cloning (Takara Bio) and the HindIII restriction enzyme (Thermo Scientific). The LR Clonase II kit (Invitrogen) was used to recombine pENTR-FER and the respective point mutants with the pGWB404-pFER vector. Expression of the constructs in independent transgenic fer-4 lines was tested by western blot using α-GFP antibodies (Santa Cruz Biotechnology). To generate FER-GFP fusion constructs for transient expression in N. benthamiana and co-immunoprecipitation experiments, pENTR-FER was recombined with pK7FWG2 (VIB Ghent) using LR clonase (Invitrogen. To generate LLG1 and structure-guided point mutants for transient N. benthamiana protein expression and co-immunoprecipitation experiments, SP-mRFP-LLG1 constructs (wild type, N91A, T99R, A117Y and N118Y) were obtained by gene synthesis (Twist Bioscience). The mRFP sequence was inserted after the first 78 bp of the LLG1 coding DNA sequence encoding for the signal peptide, followed by the downstream 429 bp of LLG1. Constructs were flanked at 5′ and 3′ ends with attB attachment sites, allowing subsequent BP cloning into the gateway entry vector pDONR/Zeo (Invitrogen). Subsequently, pDONR/Zeo SP-mRFP-LLG1 constructs were recombined with pGWB402 (ref.
) destination vectors using LR clonase (Invitrogen) for in planta expression under control of the CaMV 35S promoter. Statistical analysis. Statistical significance was assessed applying one-way ANOVA using Prism 6.0 (GraphPad). Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
The atomic coordinates and structure factors have been deposited in the RCSB Protein Data Bank (PDB N interaction with LLG2 by the assays described in Fig. 4c . Left, SDS-PAGE of LLG2 pulled down by wild-type GST-RALF23 N or GST-RALF23 N mutants, as indicated. Right, SDS-PAGE of wild-type LLG2 or LLG2 mutants pulled down by GST-RALF23 N . See Supplementary Fig. 2 for gel . f, Expression analysis of pFER::FER-GFP and the respective point mutants in the fer-4 mutant background. Western blots for protein detection were probed with anti-GFP antibodies. CBB, Coomassie brilliant blue. See Supplementary Fig. 1 for gel source data. g, Structure-guided LLG1 mutants disrupt the RALF23-induced complex with FER in vivo. N. benthamiana leaves co-expressing FER-GFP and SP-mRFP-LLG1 (wild type or mutant variants, as indicated) were treated with buffer with or without 5 μM RALF23 for 10 min before immunoprecipitation. Experiments were repeated at least three times with similar results. See Supplementary Fig. 3 for gel source data.
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Sample size
No sample size calculation was performed. Sample size was determined according to standards in the literature for ROS burst measurment experiments and seedling growth inhibition experiments. Furthermore, the respective experiments were repeated with the same sample sizes at least three times for reproducibility.
Data exclusions No data were excluded from analysis.
Replication
All data was replicable, with the number of replicates provided in text and/ or figure legends. Also, additional group members reproduced the data independently to ensure the validity of results.
Randomization Sampling of leaf discs for ROS burst assays was performed by randomly selecting leaves on plants grown in the exact same conditions, with trays with plants of different genotypes being randomly positioned on the same shelf. Different genotypes were randomized for the in vitro growth assays (as seedlings on media plates and individual assay treatment plates were randomly placed within the growth chamber).
Blinding
Blinding was not required for the assays used in this study as they were mostly biochemical assays.
Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative. 
Study description

Ecological, evolutionary & environmental sciences study design
Study description
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Chinchilla et al., The Plant Cell 2006, 1:1000 diultion), α-BAK1 (rabbit polyclonal, Roux et al., Plant Cell 2011, 1:5000 dilution), α-FER (rabbit polyclonal,described in the current study, 1:2000 dilution), α-mouse IgG-HRP (A0168, Sigma, 1:10000 dilution, lot 080M4839), α-rabbit IgG-HRP (A0454, Sigma, 1:10000 dilution, lot #017M4850V). α-RFP-HRP (ab34767, Abcam, 1:5000, Lot # GR297677-24)
Validation α-FLS2 and α-BAK1 were validated against their respective Arabidopsis thaliana knock-out lines in original publications as cited above. α-FER was validated against an A. thaliana FER knockout line as described in the current study. 
ChIP-seq Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.
Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.
April 2018
Data access links
May remain private before publication.
For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document, provide a link to the deposited data. 
Files in database submission
Flow Cytometry Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
A numerical value for number of cells or percentage (with statistics) is provided.
Methodology Sample preparation
Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Instrument
Identify the instrument used for data collection, specifying make and model number. 
Gating strategy
Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.
Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. 
Magnetic resonance imaging
